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Gene expression requires proper messenger RNA
(mRNA) export and translation. However, the func-
tional links between these consecutive steps have
not been fully defined. Gle1 is an essential, con-
served mRNA export factor whose export function
is dependent on the small molecule inositol hexaki-
sphosphate (IP6). Here, we show that both Gle1 and
IP6 are required for efficient translation termination
in Saccharomyces cerevisiae and that Gle1 interacts
with termination factors. In addition, Gle1 has a con-
served physical association with the initiation factor
eIF3, and gle1 mutants display genetic interactions
with the eIF3 mutant nip1-1. Strikingly, gle1 mutants
have defects in initiation, whereas strains lacking IP6
do not. We propose that Gle1 functions together with
IP6 and the DEAD-box protein Dbp5 to regulate
termination. However, Gle1 also independently me-
diates initiation. Thus, Gle1 is uniquely positioned
to coordinate the mRNA export and translation
mechanisms. These results directly impact models
for perturbation of Gle1 function in pathophysiology.
INTRODUCTION
A series of molecular events are required during the life span of
eukaryotic messenger RNA (mRNA), including transcription, pro-
cessing, export, translation, and degradation. Completion of
these steps underlies all gene expression, and specific quality
control mechanisms are predicted to control each (Moore,
2005). To date, functional connections have been documented
between transcription, nuclear processing, andexport (Hagiwara
andNojima, 2007). For example, the recruitment of mRNA export
factors is coupled toproper transcription and splicing (Kohler and
Hurt, 2007). Links betweenmRNA export and translation also ex-
ist (Culjkovic et al., 2006; Gross et al., 2007; Jin et al., 2003; Rose-
nwald et al., 1995); however, the molecular mechanisms are less
well defined. Such linkages presumably allow efficient cellular
regulation of gene expression at multiple levels simultaneously.624 Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc.Eukaryotic translation is a well-conserved mechanism with
four major phases: initiation, elongation, termination, and recy-
cling (for review, see Kapp and Lorsch, 2004). Initiation, which
involves the assembly of translation-competent ribosomes on
mRNA, depends on eukaryotic initiation factors (eIFs) that stim-
ulate ribosome loading. One of these, eIF3, has 6 to 13 subunits
(in S. cerevisiae and humans, respectively) and functions by
stimulating complex formation on the 40S subunit (forming the
43S preinitiation complex), recruiting the mRNA, and facilitating
start site scanning (Hinnebusch, 2006). Interestingly, eIF3 also
regulates dissociation and recycling of the ribosome after termi-
nation (Pisarev et al., 2007).
Proper termination of translation is equally critical for gene ex-
pression. Termination is primarily regulated by release factors
(eRFs) 1 and 3 (Sup45 and Sup35, respectively, in yeast) (Kapp
and Lorsch, 2004). The stop codon is recognized by eRF1/
Sup45, which stimulates ribosomal peptidyl transferase activity
to release the completed polypeptide. This activity is enhanced
by eRF3, although eRF3 also binds poly(A) binding protein
(PABP/Pab1) and might have a role in ribosome recycling (Hosh-
ino et al., 1999).
Before translation, however, an mRNA must exit the nucleus
via the nuclear pore complex (NPC). Initial mRNA export steps
require recognition of an export-competent mRNA-protein com-
plex (mRNP) by the transport factor Mex67 (TAP/NXF1 in verte-
brates) (Gruter et al., 1998; Katahira et al., 1999; Segref et al.,
1997). After Mex67-dependent targeting to the NPC, several
other factors are necessary for proper export. Gle1 is an essen-
tial mRNA export factor in both yeast and human cells (Murphy
and Wente, 1996; Watkins et al., 1998). Gle1 associates with
the NPC through nucleoporin-42 (Nup42) in yeast and hCG1
and Nup155 in human cells (Kendirgi et al., 2005; Murphy and
Wente, 1996; Rayala et al., 2004). In conjunction with the small
molecule inositol hexakisphosphate (IP6), Gle1 stimulates the
RNA-dependent ATPase activity of Dbp5 (Alcazar-Roman
et al., 2006; Weirich et al., 2006). Dbp5 is an essential member
of the DEAD-box helicase family, with a cytoplasmic NPC bind-
ing site at Nup159 in yeast that is juxtaposed to the Gle1-Nup42
complex (Hodge et al., 1999; Schmitt et al., 1999; Snay-Hodge
et al., 1998). Gle1/IP6-activated Dbp5 is converted to a Dbp5-
ADP state that triggers mRNP remodeling, displacing proteins
to facilitate export directionality (Tran et al., 2007).
Prior studies have suggested coupling between the export
and translation mechanisms. The vertebrate TAP/NXF1 promotes
the translation of RNA harboring a viral constitutive transport
element (CTE) (Jin et al., 2003). Evidence also suggests that
the cap-binding protein eIF4E regulates export of a subset of
cell-cycle-related mRNAs (Culjkovic et al., 2006; Rosenwald
et al., 1995). Intriguingly, a recent report has revealed a novel
function of Dbp5 in translation termination (Gross et al., 2007).
Thus, we hypothesized that Gle1 might also have a role in trans-
lation via Dbp5 activation. Although Gle1 is enriched at the nu-
clear rim, Gle1 is also found in the cytoplasm (Del Priore et al.,
1996; Watkins et al., 1998), supporting the existence of a Gle1
pool for the translation machinery.
Full delineation of Gle1 cellular functions is especially impor-
tant given the causal links reported between mutations in human
GLE1 and a severe form of human motor neuron degeneration
(Nousiainen et al., 2008). Here, we show that Gle1 has genetic
and physical interactions with translation factors and plays roles
in both termination and initiation. Surprisingly, IP6 production is
only required for translation termination. This suggests that
Gle1 plays two independent roles in translation, one in termina-
tion via IP6-dependent activation of Dbp5 and one in initiation
that is IP6 and Dbp5 independent. This work reveals an extensive
molecular linkage between mRNA export and translation and
provides a mechanism for coregulation of critical gene expres-
sion steps.
RESULTS
Gle1 Plays a Role in Translation
To investigate whether Gle1 functions in translation, we em-
ployed the S. cerevisiae model system and analyzed a panel of
mutant strains for growth defects in the presence of the transla-
tion inhibitors cycloheximide and paromomycin (Figure 1A).
These inhibitors have been previously used to identify mutants
with defects in different aspects of translation (Greenberg
et al., 1998; Gross et al., 2007; Wakem and Sherman, 1990)
and allow a rapid assessment of general translation perturba-
tions. Two temperature-sensitive gle1 mutant strains (gle1-2
and gle1-4) grew similarly to a wild-type control strain at 23C
on rich media. However, at 23C, both had significantly reduced
growth in the presence of cycloheximide and paromomycin
(Figure 1A). As controls, strains harboring a wild-type GLE1-ex-
pressing plasmid were rescued for the cycloheximide-sensitive
growth defect (Figure 1B). Importantly, strains harboring muta-
tions in other genes required for mRNA export through NPCs
[rat7-1 (nup159), nup42D] were not inhibited for growth under
these conditions (Figure 1A). Of note, Nup159 and Nup42 are
the respective NPC docking sites for Dbp5 and Gle1 (Hodge
et al., 1999; Murphy and Wente, 1996; Schmitt et al., 1999),
and the rat7-1 (nup159) mutant has a severe mRNA export de-
fect (Gorsch et al., 1995). This indicated that the hypersensitivity
of the gle1 mutants to translation inhibition is not attributed to
general defects in mRNA export.
If Gle1 is involved in translation, we speculated that it might be
associated with ribosomes. Sucrose density fractionation was
performed with lysates from wild-type strains, and samples
were analyzed by immunoblotting for Gle1. The majority ofGle1 was found in lightest (nonribosome) fractions; however,
a significant portion of Gle1 was in the heavier ribosomal
fractions, particularly the 80S fraction (Figure 1C, lane 6). This in-
dicated that Gle1 might functionally associate with ribosomal
complexes.
Gle1 Interacts with the Termination Factor Sup45
We next used genetic and biochemical assays to test whether
Gle1 plays a role in translation termination. First, gle1 sup45 dou-
ble-mutant strains were tested for synthetic fitness defects at
elevated temperatures (Figure 2A). At 30C, a semipermissive
Figure 1. A Role for Gle1 in Translation
(A) Cultures of gle1-2, gle1-4, rat7-1 (nup159), nup42D, gfd1D, and wild-type
(WT) strains were spotted in 5-fold serial dilutions on YPD alone or YPD
containing 0.1 mg/ml cycloheximide or 0.4 mg/ml paromomycin and then incu-
bated for 2 days at 23C.
(B) Cultures of gle1-4 and wild-type strains transformed with empty URA3/
CEN plasmid (pURA3) or a GLE1/URA3/CEN (pGLE1) plasmid were spotted
as in (A) on Ura selective media with or without cycloheximide.
(C) Lysates of wild-type strains grown at 23C were subjected to sucrose
density fractionation and immunoblotted with a-Gle1 and a-Rps6 (ribosomal
protein control). Ribosome distribution was determined by OD254.Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc. 625
growth temperature for the gle1-4 strain, growth of the gle1-4
sup45-2 double mutant was inhibited compared to either single
mutant. Second, coimmunoprecipitation experiments were con-
ducted to test for Gle1 physical association with termination fac-
tors. Using strains with Sup45 and Sup35 epitope-tagged by
a tandem affinity purification (TAP) sequence, we isolated com-
plexes from cell lysates and immunoblotted (Figure 2B, top
panel). Substantial levels of endogenous Gle1 were coimmuno-
precipitated with Sup45-TAP. Minimal Gle1 was detected in iso-
lations from control lysates lacking a TAP-tagged protein. The
Gle1:Sup45-TAP interaction was not altered by RNase treat-
ment, indicating that the association is not mediated through
RNA (data not shown). Although substantially lower, Gle1 also
coimmunoprecipitated with Sup35-TAP (Figure 2B, bottom
panel).
To investigate whether Gle1 and Sup45 directly bind in vitro,
soluble binding assays were performed with bacterially ex-
pressed Gle1 and GST-tagged Sup45. Compared to a control
assay with GST alone, significantly higher levels of purified
Gle1 bound to GST-Sup45 (Figure 2C). Further, Gle1 still bound
to GST-Sup45 after RNase treatment (data not shown). Dbp5
also associates with Sup45 (Gross et al., 2007). Therefore, we
Figure 2. Gle1 Interacts with Termination Factors
(A) Cultures of gle1-4, sup45-2, gle1-4 sup45-2, and wild-type control (WT)
strains were serially diluted, spotted on YPD, and incubated for 2–3 days at
23 or 30C.
(B) Immunoprecipitations were performed with lysates from SUP35-TAP,
SUP45-TAP, and wild-type (WT) yeast strains. Lysates (10% of input) and total
immunoprecipitates (IP) were immunblotted with a-Gle1 or a-mouse IgG to
detect TAP-tagged proteins (ProtA).
(C) Soluble binding assays were performed with GST-Sup45 or GST from
bacterial lysates and recombinant purified Gle1. Gle1 input (10%) and bound
samples were immunoblotted with a-GST or a-Gle1.626 Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc.concluded that Gle1 and Dbp5 are both physically connected
to the translational termination complex.
Gle1 Is Required for Efficient Translation Termination
To further examine the functional requirement for Gle1 in termi-
nation, we conducted two independent assays for termination
efficiency. First, we used strains with an ade2-1 allele harboring
an ochre nonsense mutation that are red in color due to lack of
functional Ade2 enzyme. Nonsense codon read-through, as a re-
sult of termination defects, produces functional Ade2 protein
and reduces red pigmentation (Cox, 1965). Colonies of a wild-
type control strain were red in color, whereas the temperature-
sensitive sup45-2mutant was pink (Figure 3A). In stark contrast,
gle1-2 sup45-2 and gle1-4 sup45-2 double-mutant colonies
were white. This indicated a more severe termination defect in
the double mutants than in the respective single-mutant strains.
Of note, this effect was observed at the permissive temperature
for gle1 mutants (23C).
We also performed an assay that utilizes a tandem b-galacto-
sidase/luciferase reporter separated by a short linker sequence
(Stahl et al., 1995). Three related plasmid-based reporters are
shown in Figure 3B: one with a stop codon inserted in frame
into the linker region (TMV), a control lacking the stop codon
(TQ), and a control in which a stem-loop from HIV-1 has been in-
serted in the linker (1789). These plasmids were transformed into
control and gle1mutant strains, and the read-through efficiency
was determined at 23C. Comparison of ratios of luciferase to b-
galactosidase activity between the TQ control and the other two
plasmids yielded the relative level of abnormal termination read-
through. Roughly consistent with previous results (Stahl et al.,
1995), wild-type strains showed 27% read-through with the
TMV construct (Figure 3C). Strikingly, read-through in both
gle1-2 and gle1-4 strains was dramatically increased to 71%
and 73%, respectively. The effects were specific to normal ter-
mination, because read-through efficiency of the stem loop did
not change (Figure 3C). Similar results were observed with other
stop codon sequences (data not shown). A rat7-1 (nup159) strain
showed minimal change (34%), indicating that a general pertur-
bation of mRNA export did not impact translation termination.
Another mRNA export mutant strain, nab2-DN, also had no ap-
preciable defect in read-through efficiency (Figure S1A available
online). The defect was also notably less (36%) in a rat8-2 (dbp5)
mutant than in gle1 mutants at 23C, and others previously re-
ported a modest increase (from 16 to 25%) in read-through
for the rat8-2 (dbp5) mutant after a brief pulse at the restrictive
temperature (Gross et al., 2007). We concluded that the differ-
ences between the rat8-2 (dbp5) and gle1mutants reflectmutant
specificity and highlight the robustness of the gle1 mutant de-
fect. Interestingly, GLE1 overexpression partially rescued the
read-through defect of a sup35-21 termination mutant (Figur-
e S1B). Taken together, these data indicate that Gle1 is required
for efficient translation termination.
We next analyzed the direct functional consequences on
termination. Association of Sup35 (eRF3) with the termination
complex is a critical step in termination, and others have shown
that Dbp5 is required for Sup35 incorporation into termination
complexes (Gross et al., 2007). Sucrose density fractionation
was performed with lysates from control and gle1-4 strains
containing TAP-tagged Sup35 (Figure 3D). In wild-type samples,
significant levels of Sup35-TAP cofractionated with ribosomes
(80S and polysomes, determined by OD254). Densitometric
analysis revealed that approximately 47% of Sup35-TAP was
ribosome associated in wild-type lysates. However, the levels
of ribosome-associated Sup35-TAP significantly decreased in
lysates from gle1-4 mutant cells, particularly in the later poly-
some fractions (compare lanes 7–12 in wild-type versus gle1-4),
and the majority of the Sup35-TAP shifted to the low-density
fraction (lane 2). Quantification showed that the level of ribo-
some-associated Sup35-TAP in gle1-4 samples (26%) dropped
Figure 3. Gle1 Is Required for Efficient Translation Termination
(A) Cultures of gle1-2, sup45-2, gle1-2 sup45, gle1-4 sup45-2, and wild-type
controls (WT) were serially diluted and spotted on 0.25 YPD. Plates were incu-
bated for 4 days at 23C, and colony color was assessed.
(B) The tandem b-galactosidase/luciferase reporter constructs are shown: TQ
(control) lacks a stop codon in the linker, TMV has a stop codon inserted in
frame into the linker region, and 1789 has a stem loop from HIV-1 inserted
into the linker.
(C) gle1-2, gle1-4, rat8-2 (dbp5), rat7-1 (nup159), and wild-type control (WT)
strains were transformed with the tandem reporter constructs, and luciferase
and b-galactosidase assays were performed. Activities were normalized to cell
number, and ratios of luciferase to b-galactosidase activity were determined.
Read-through activity is expressed as the percentage of the TMV or 1789 re-
porter compared to TQ control for each strain, n = 3–5 independent experi-
ments. Error bars represent 1 SEM above and below the mean. ** p < 0.01.
(D) Lysates of SUP35-TAP and gle1-4 SUP35-TAP strains grown at 23Cwere
subjected to sucrose density fractionation and immunoblotted with a-mouse
IgG to detect Sup35-TAP. Ribosome distribution was determined by OD254,
and blots were analyzed by densitometry to assign ribosome association
percentages (n = 4). Errors are 1 SEM above and below the mean. p < 0.05.to nearly half that in the wild-type. In the gle1-4 mutant, Sup45,
Dbp5, and gle1G384R did not show significant decreases in ribo-
some association (Figure S1C). We concluded that Gle1 pro-
motes ribosome association of Sup35 in termination.
Gle1 Interacts with the Initiation Factor eIF3
Although consistent with the reported Dbp5 interactions, the as-
sociation of Gle1 with the translation termination complex was
intriguing in light of our prior discovery of a yeast two-hybrid
interaction between human Gle1 (hGle1) and the f subunit (p47/
S5/3) of the translation initiation factor eIF3 (Rayala et al., 2004).
To further examine this interaction in human cells, we transfected
plasmids expressing GFP-tagged hGle1 and HA-tagged eIF3f
into HeLa cells. Immunoprecipitations with anti-GFP antibodies
were performed from total cell lysates (Figure 4A). Immunoblot
analysis showed that eIF3f-HA was specifically coisolated with
Figure 4. Gle1 Has Conserved Interactions with eIF3 Subunits
(A) Plasmids expressing hGle1-GFP and eIF3f-HA were cotransfected into
HeLa cells, and immunoprecipitations were performed with a-GFP antibodies.
Lysates (5%) and immunoprecipitates were immunoblotted with a-GFP or
a-HA.
(B) Immunoprecipitations were performed with lysates from PRT1-TAP, NIP1-
TAP, andwild-type (WT) yeast strains. Lysates (10%of input) and total immuno-
precipitates (IP) were immunoblotted with a-mouse IgG (for TAP-tagged
proteins [ProtA]) or a-Gle1.
(C) Recombinant purified Gle1 was incubated with bacterial lysates for GST-
Prt1, -Nip1, -Rpg1/Tif32, -Tif34, or -Tif35, and bound proteins were isolated
by immunoprecipitation with a-Gle1. In controls, lysates were incubated with-
out Gle1. RNase A treatment was conducted with the Gle1/GST-Prt1 sample.
Total bound and input (5%) were immunoblotted with a-GST or a-Gle1.
(D) Cultures of the respective gle1 and nip1 single- and double-mutant strains
with wild-type controls (WT) were serially diluted and spotted on YPD. Plates
were incubated for 3 days at 23C, 30C, or 37C.Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc. 627
hGle1-GFP. This result confirmed that hGle1 interacts with the
eIF3 subunit.
Because the human eIF3f subunit is not conserved in S. cere-
visiae (Hinnebusch, 2006), we performed immunoprecipitations
from yeast strains expressing TAP-tagged versions of different
yeast eIF3 subunits. Endogenous Gle1 was coimmunoprecipi-
tated with Prt1-TAP (eIF3b) (Figure 4B). We did not consistently
detect significant coisolation of Gle1 with the other eIF3 subunits
tested (Nip1/eIF3c, Rpg1/eIF3a, and Tif34/eIF3i), though this
might reflect the stringency of the experimental conditions
(Figure 4B and data not shown). Of note, we did not detect
Dbp5 in either the Prt1-TAP or Nip1-TAP complexes (data not
shown). We concluded that Gle1 physically associates with
eIF3 subunits and that these interactions are conserved from
yeast to humans.
To test for direct physical interactions between Gle1 and eIF3,
we performed in vitro binding experiments. Lysates from bacte-
rial cells expressing GST-tagged fusions for each of the five core
subunits of yeast eIF3 (Prt1, Nip1, Tif32/Rpg1, Tif34, and Tif35)
were incubated with recombinant purified Gle1. Immunoprecip-
itations were performed with anti-Gle1 antibodies, and the GST-
tagged eIF3 subunits were detected by immunoblotting. As
shown in Figure 4C, GST-Prt1 was coisolated with Gle1, and
the association was maintained after RNase treatment. GST-
Tif35, which is part of a subcomplex with Prt1 (Phan et al.,
2001), also bound Gle1. The other three subunits did not specif-
ically bind Gle1. Thus, Gle1 physically associates with eIF3, with
two potential binding surfaces in Prt1 and Tif35.
To test for functional links between Gle1 and eIF3, we gener-
ated gle1 nip1 double-mutant strains and assayed growth at
a range of different temperatures. At 23C, no differences were
observed when growth between single and double mutants
was compared (Figure 4D). However, synthetic fitness defects
were detected at 30C, wherein both the gle1-2 nip1-1 and the
gle1-4 nip1-1 strains had inhibited growth compared to the
singlemutants. In contrast, no synthetic growth defectswere ob-
served in rat8-2 (dbp5) nip1-1 or rat7-1 (nup159) nip1-1 double
mutants (Figure S2A and data not shown). Further indicating in-
teraction specificity, no synthetic growth defects were observed
in gle1 prt1-1 or gle1 rpg1-1 double mutants (data not shown).
Thus, both physical and genetic interactions were found
between Gle1 and eIF3, and these functions appear to be inde-
pendent of Dbp5.
Gle1 Functions in Translation Initiation
To address the hypothesis that Gle1 is required for initiation, we
first analyzed the monosome to polysome content of different
mutant strains using sucrose density sedimentation. At the per-
missive temperature (23C), the polysome profile from the gle1-4
mutant cells was similar to that from wild-type cells (Figures 5A
and 5C). However, after a temperature shift to 37C, gle1-4 cells
displayed a dramatically elevated monosome peak and reduced
polysomes (Figure 5D). This profile indicated adefect in translation
initiation because it was similar to those of strains defective for
initiation factors, including nip1 (Greenberg et al., 1998; Nielsen
et al., 2004). Intriguingly, the polysome profile of rat8-2 (dbp5)
at 37C is also suggestive of an initiation defect (Figure S2B)
(Gross et al., 2007). As controls, we confirmed that the gle1-4628 Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc.defect was rescued by plasmid-basedGLE1 expression (Figures
5G and 5H). Importantly, as shown in Figure 5E, a strain lacking
GLE2 (gle2D), encoding another mRNA export factor (Murphy
et al., 1996), had no significant perturbation in the monosome:
polysome ratio at 37C. In addition, a nup116D strain displayed
a different profile with reducedmonosomes and polysomes (Fig-
ure 5F). This is likely due to diminished ribosome subunit export
and a total block in nucleocytoplasmic trafficking at 37C in the
nup116D cells (Stage-Zimmermann et al., 2000; Wente and
Blobel, 1993). Because the gle1-4 ribosome profile is distinct
from both the gle2D and nup116D profiles, we concluded that
the gle1-4 defect was not due to a block in mRNA export. The
altered profile of the gle1-4 mutant cells supports a role for
Gle1 in translation initiation.
Figure 5. Strains Harboring gle1 Mutant Alleles Have Polysome
Profile Defects
Polysome profiles were generated by subjecting cell lysates to 7%–47% su-
crose density centrifugation and OD254 analysis of the fractionated gradient.
The monosome (80S) and polysome peaks are labeled in (A). Cultures of
wild-type cells were grown at 23C (A) or shifted to 37C for 75min prior to har-
vest (B). Cultures of gle1-4were grown at 23C (C) or shifted to 37C for 75min
prior to harvest (D). ThemRNA export mutants gle2D (E) and nup116D (F) were
shifted to 37C for 75min prior to harvest. Note that both monosome and poly-
some peaks are reduced in the nup116D strain. The gle1-4 and wild-type con-
trol (WT) strains harboring either a URA3/CEN or GLE1/URA3/CEN plasmid
were shifted to 37C for 60 min prior to harvest (G–J).
On the basis of the genetic and physical links between Gle1
and eIF3, we tested whether gle1 mutants have defects in
GCN4 regulation. Expression of GCN4, an activator of biosyn-
thetic pathways, is subject to translational control (for review,
see Hinnebusch, 2005). Translation of the GCN4 mRNA is nor-
mally derepressed by amino acid starvation via alteration of
the eIF2a phosphorylation state. However, this regulation is im-
paired by defects in initiation factors such as eIF3 (e.g., Nielsen
et al., 2004), and initiation mutant strains often show either con-
stitutive repression or derepression of GCN4 expression (Gcn
or Gcd phenotypes, respectively). To examine GCN4 expres-
sion, we utilized a reporter in which the noncoding 50 region of
GCN4 is linked to lacZ. Incubation of a wild-type control strain
with 3-aminotriazole (3AT), an inhibitor of the histidine synthesis
pathway, activated b-galactosidase activity to a similar extent at
23C or 30C (Figure 6). In contrast, both the gle1-2 and gle1-4
strains had high activity in 3AT-treated samples at 23C with
a sharp reduction of activation at a semipermissive temperature
of 30C. This indicated that the gle1 mutants have a Gcn phe-
notype, and the dramatic reduction in activation is consistent
with a role for Gle1 in translation initiation.
On the other hand, in rat7-1 (nup159) strains, activation was
still observed at 30C with a small decrease compared to
23C. However, the basal level of activity in the rat7-1 (nup159)
strains was also decreased, such that the fold increase induced
by 3AT changed only slightly (Figure 6). Activation by 3AT in the
rat7-1 (nup159)mutant was also maintained up to 34C (data not
shown). Overall, the results with the rat7-1 (nup159) strain were
fully consistent with a defect in export of the reporter mRNA. A
cold-sensitive mRNA export mutant strain, nab2-DN (Marfatia
et al., 2003), also did not display any temperature-dependent
Figure 6. GCN4 Activation Defects Are Detected in gle1 Mutants
Wild-type (WT), gle1-2, gle1-4, rat7-1 (nup159), and rat8-2 (dbp5) strains were
transformed with a GCN4-lacZ reporter plasmid. Cultures were grown in Ura
His selective media at either 23C or 30C for 2 hr. 3-aminotriazole (3AT) was
added as indicated. After growth overnight at 23C or 30C, assays for b-ga-
lactosidase activity were performed. Activity is expressed as b-gal units (1 unit
hydrolyzes 1 mmol of o-nitrophenol-b-D-galactopyranoside (ONPG) substrate
per minute per cell). Error bars represent 1 SEM above and below the mean.
The table summarizes fold activation (+3AT divided by 3AT) for each strain
at each temp. * p < 0.05 for the fold activation at 23C versus 30C (n = 3–5
independent experiments).changes inGCN4 activation (Figure S2C). Further, a sup45-2 ter-
mination mutant showed a moderate Gcd phenotype with sig-
nificant activity in the absence of 3AT (Figure S2D), suggesting
that the gle1mutant phenotype is not due to termination defects.
Interestingly, the rat8-2 (dbp5)mutant strain showed a substan-
tial reduction in activity at a semipermisssive temperature (Fig-
ure 6). This could indicate a Gcn defect; however, similar to
the rat7-1 (nup159) mutant, little change in the fold increase
was observed in the rat8-2 (dbp5) mutant. These results were
consistent with the lack of genetic and biochemical connections
to a translation initiation function for Dbp5. We conclude that if
Dbp5 plays a role in initiation, this role is distinct from that of
Gle1.
IP6 Production Regulates Termination but Not Initiation
In nuclear export, IP6 binds Gle1 to facilitate coactivation of
Dbp5 (Alcazar-Roman et al., 2006; Weirich et al., 2006). IP6 is
generated by a phospholipase C-dependent pathway and the
coordinated activities of two inositol kinases (York et al., 1999).
Ipk2 is a dual-function kinase that converts inositol 1,4,5 tri-
sphosphate to inositol 1,3,4,5,6 pentakisphosphate (IP5),
whereas a 2-specific kinase, Ipk1, mediates production of IP6
from IP5 (York et al., 1999). In addition, a set of IP6 kinases
(Vip1 and Kcs1) are responsible for the generation of distinct
higher-order pyrophosphorylated inositols (Mulugu et al., 2007;
Saiardi et al., 1999). Roles for these soluble inositides in transla-
tion have not been previously reported.
We found that the ipk1D strain was hypersensitive to the trans-
lation inhibitor cycloheximide (Figure 7A). In addition, ipk1D
sup45-2 double-mutant strains were generated and displayed
synthetic growth defects at all temperatures with lethality at
34C (Figure 7B). The ipk1D sup45-2 strains also showed
increased termination read-through, based on the assay for ele-
vated Ade2 production in ade2-1 strains (data not shown). Fur-
thermore, like gle1 mutant strains, ipk1D strains had highly ele-
vated read-through activity (69%) in the tandem reporter assay
(Figure 7C). Importantly, the ipk2D strain also had increased ter-
mination read-through. In contrast, normal or only slightly ele-
vated read-through activity was observed in vip1D and kcs1D
strains, respectively. These data strongly implicate IP6 produc-
tion by Ipk1 in translation termination.
Because IP6 directly binds Gle1 (Alcazar-Roman et al., 2006;
Weirich et al., 2006), we hypothesized that IP6 might also play
a role in initiation. However, polysome profiles of lysates from
an ipk1D strain revealed no major defects either at 23C or after
a shift to 37C (Figure 7D and data not shown). In contrast to gle1
mutants, the ipk1D strain also displayed no perturbation in acti-
vation of the GCN4-lacZ reporter at any temperature tested
(Figure 7E). Finally, no synthetic genetic interaction was ob-
served with ipk1D nip1-1 double mutants (data not shown).
Therefore, Ipk1 is not required for initiation, and the function of
Gle1 in initiation is not dependent on IP6 production.
DISCUSSION
Here, we report that Gle1, a bona fide mRNA export factor, also
has a role in translation. Strikingly, Gle1 is required for both trans-
lation initiation and termination. For termination, we documentCell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc. 629
Figure 7. IP6 Regulates Termination but
Not Initiation
(A) Cultures of ipk1D and wild-type (WT) strains
were spotted in 5-fold serial dilutions on YPD
alone or on YPD containing 0.1 mg/ml cyclohexi-
mide. Plates were incubated 2 days at 23C.
(B) Cultures of ipk1D, sup45-2, ipk1D sup45-2,
and wild-type (WT) strains were serially diluted,
spotted on YPD, and incubated 2 days at 23C,
30C, 34C, or 37C.
(C) Read-through assays were performed with
ipk1D, ipk2D, vip1D, kcs1D, and wild-type control
(WT) strains with the b-galactosidase/luciferase
tandem reporters. Read-through efficiency was
determined as in Figure 3C. n = 4–6 independent
experiments.
(D) Polysome profiles for ipk1Dwere generated as
in Figure 5. Cells were shifted to 37C for 75 min
prior to harvest.
(E) GCN4 activation assays were performed with
ipk1D and wild-type control (WT) strains with the
GCN4-lacZ reporter as in Figure 6.
Error bars represent 1 SEM above and below the
mean.genetic and physical interactions between Gle1 and the termina-
tion factor Sup45/eRF1 (Figure 2) and functional relevance from
a perturbation in Sup35/eRF3 recruitment in gle1 mutants (Fig-
ure 3D). We further show that Ipk1, and specifically IP6 produc-
tion, is also linked to translation termination. These requirements
for Gle1 and IP6 parallel those recently reported for Dbp5 in
translation termination (Gross et al., 2007). Thus, we predict
that the Gle1/IP6 role in termination is via activation of Dbp5.
However, we also find that Gle1 influences translation initiation.
There are genetic and physical interactions between Gle1 and
subunits of the initiation factor eIF3 (Figure 4), as well as transla-
tion initiation defects in gle1 mutants (Figures 5 and 6). In sharp
contrast, IP6 is not involved in initiation, and any Dbp5 initiation
role is distinct from that of Gle1. Interestingly, the gle1 mutant
alleles used here are temperature sensitive with regard to the
initiation defects, whereas the termination deficiencies are
manifested at the permissive temperature. This lends further
credence to the proposal that Gle1 exhibits distinctly different
functions in initiation and termination. We conclude that the roles
for Gle1 in translation termination and initiation are separable
and that the Gle1 initiation function is independent of Dbp5
and IP6.
We further hypothesize that the roles for Gle1 and IP6 in trans-
lation are independent of their function in mRNA export. Specifi-
cally, the translation defects in the gle1 and ipk1mutants are not
due to indirect effects ofmRNAexport defects. Thereare four dis-
tinct lines of evidence that support this conclusion. First, other
mRNA export mutant strains, such as rat7-1 (nup159), do not
have the same phenotypes (Figures 1, 3, and 6) (Gross et al.,
2007). The gle1-2, gle1-4, rat7-1 (nup159), and rat8-2 (dbp5)
strains all have minor mRNA export defects at 23C with more
severe defects at 37C (Gorsch et al., 1995; Murphy and Wente,
1996; Snay-Hodge et al., 1998). Further, these mutants are all in
the same pathway for mRNA export (Alcazar-Roman et al., 2006;630 Cell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc.Hodge et al., 1999). Since they share similar defects inmRNA ex-
port, the different translation phenotypes are very likely the result
of defects in a distinct translation function. Our data demonstrat-
ing termination but not initiation defects in ipk1D strains also sup-
port the specificity of the gle1 mutant phenotypes. Second, at
least in some assays, the gle1 and ipk1 mutant phenotypes are
not the expected result for an mRNA export-restricted mutant.
For instance, in the read-through assay (Figures 3C and 7C),
a perturbation in onlymRNA export should either decrease activ-
ity or have no effect (because the levels of cytoplasmic lac-Z and
luciferase reporter mRNAs would be reduced equally with de-
creased export). Instead, in gle1 and ipk1 mutants, we observe
a dramatic increase in read-through. Third, if a defect in remodel-
ing themRNPduring export is responsible for the perturbations in
translation, then the phenotypes of the gle1, ipk1, and dbp5mu-
tants should be the same. Yet they are distinct, highlighted by the
lack of initiation defects in the ipk1Dmutant. Finally, Gle1 is fully
implicated in translation by its specific physical interactions with
translation factors both in vivo and in vitro (Figures 2B, 2C, and
4A–4C). Gle1 interaction with both initiation and termination
factors provides a direct connection to both translation steps.
Previous studies have shown that both human and yeast Gle1
are partially localized to the cytoplasm (Del Priore et al., 1996;
Watkins et al., 1998) and that hGle1 shuttles between the nu-
cleus and cytoplasm (Kendirgi et al., 2003). This localization is
consistent with additional Gle1 functions at sites other than the
NPC. Furthermore, hGle1 is present in two isoforms, A and B,
that are nearly identical except at the extreme carboxy terminus
(Kendirgi et al., 2003). Intriguingly, whereas hGle1B localizes to
the nuclear rim, hGle1A does not, and its primary function could
be in the cytoplasm. However, because alternative yeast Gle1
isoforms have not been reported, the export and translation
functions in S. cerevisiae are presumably performed by the
same Gle1 protein.
Wepropose that Gle1 is a critical factor bridgingmultiple steps
to couple mRNA export and translation. First, as the mRNP
passes through the nuclear pore, the RNA-binding protein com-
position is remodeled in a mechanism that requires Gle1/IP6 ac-
tivation of the Dbp5 ATPase (Alcazar-Roman et al., 2006; Tran
et al., 2007; Weirich et al., 2006). It is possible that Gle1 binds
the mRNP during this NPC translocation step and remains asso-
ciated throughout translation. However, given the predicted low
cellular abundance of yeast Gle1 (Ghaemmaghami et al., 2003),
transient and/or regulated interactions are more likely. After ex-
port, mRNA translation is initiated by assembly of the eIFs and
the 40S subunit. The physical association between Gle1 and
eIF3 subunits (Figure 4) suggests that eIF3 could recruit Gle1
to initiation complexes. The precise biochemical role for Gle1
in translation initiation is unknown. Our results suggest that
Dbp5 and IP6 are not required for this Gle1-dependent initiation
step. TheGcn phenotype of gle1mutant strains (Figure 6) might
indicate a role for Gle1 in scanning and recognition of the trans-
lation start site, although GCN4 regulation is complex and de-
pendent on many processes (Hinnebusch, 2005). Determining
the mechanism for the action of Gle1 in initiation is a future goal.
The termination phase of translation begins when the ribo-
some encounters a stop codon. Krebber and coworkers propose
that Dbp5 functions in termination by forming a complex with
eRF1/Sup45 on the mRNA and then remodeling the mRNA-pro-
tein complex to allow eRF3/Sup35 recruitment and proper posi-
tioning of the termination complex (Gross et al., 2007). As such,
the Dbp5-remodeling function in termination is potentially mech-
anistically similar to its activity in mRNA export (Alcazar-Roman
et al., 2006; Tran et al., 2007). This remodelingmechanism is fully
consistent with our results showing Gle1 and IP6 functioning in
termination, with both having interactions and/or mutant defects
that are highly similar to those of Dbp5 (Figures 1, 2, 3, and 7).We
propose that Gle1 and IP6 coactivate Dbp5 to trigger remodeling
of the translationally engaged mRNP for proper termination. One
effect of this remodeling might be to stabilize the association of
eRF3/Sup35, which dissociates in dbp5 and gle1mutant strains
(Figure 3C) (Gross et al., 2007). Finally, although Dbp5 might dis-
sociate from the mRNP in the later stages of termination (Gross
et al., 2007), an exciting speculation is that Gle1 remains bound
and contributes to ribosome dissociation and recycling via eIF3
recruitment. Others have recently reported that eIF3 stimulates
dissociation of ribosomes and recycling in an in vitro termination
assay (Pisarev et al., 2007). Gle1 would then be inherently avail-
able for further rounds of translation initiation by virtue of contin-
ued association with eIF3. However, it is not known whether the
pool of eIF3 in recycling is the same as that in initiation.
Importantly, a recent study has reported that inherited muta-
tions of hGLE1 result in LCCS1, a fetal motor neuron disease
with accompanying pleiotropic effects (Nousiainen et al.,
2008). The identification of Gle1 translation roles opens up the
possibility that the pathophysiology is due to defects in transla-
tion rather than, or in addition to, defects in mRNA export. This
finding underscores the importance of elucidating how Gle1
activity is regulated in both export and translation. With the
Gle1, IP6, and Dbp5 roles in both mRNA export and translation,
there are a small but growing number of connections between
these two steps in the mRNA life cycle. As an mRNA is exported,there are potentially multiple quality control and signaling steps
for properly distinguishing between targeting for translation ver-
sus shunting to cytoplasmic degradation or storage granules.
Moreover, during polarized trafficking of mRNPs in the cyto-
plasm, translation is inhibited between nuclear export and trans-
port to the subcellular locale (Sossin and DesGroseillers, 2006).
This is especially critical for neuronal development and function
(Sossin and DesGroseillers, 2006). Gle1 is positioned to coregu-
late export and translation and allow coordination between these
different decision points. This may result in a strategy for syn-
chronizing these consecutive processes, allowing for increased
efficiency in the regulation of gene expression in specific gene
subsets or in specific subcellular locales.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids
Yeast strains and plasmids used are listed in Tables S1 and S2. Yeast growth
assays were performed by serial dilution as previously described (Tran et al.,
2007). For the ade2-1 suppression assay, 25-fold dilutions were plated on
0.25YPD (0.25% yeast extract, 1% peptone, 2% glucose).
Immunoprecipitations
For TAP-tagged yeast strains, mid-log phase cultures were lysed in lysis buffer
(20 mM Tris-HCl [pH 8.0], 5 mM MgCl2, 150 mM NaCl, 2% Triton X-100, and
protease inhibitors) by bead beater (Biospec). Soluble fractions were incu-
bated with IgG sepharose beads for 3 hr at 4C after preblocking with 1%
BSA. Bound proteins were subsequently washed with wash buffer (50 mM
Tris-HCl [pH 8.0], 150mMNaCl, and 0.1% Triton X-100), eluted with SDS sam-
ple buffer, resolved by SDS-PAGE, and immunoblotted. Rabbit anti-mouse
IgG (Promega) was used to detect TAP-tagged proteins. Yeast Gle1 was de-
tected with affinity-purified guinea pig polyclonal antibodies raised against re-
combinant MBP-Gle1 (Cocalico Biologicals). For hGle1 immunoprecipitations,
HeLa cells were transfected with plasmids expressing hGle1-GFP (pSW1482)
and eIF3f-HA with Lipofectamine (Invitrogen) and harvested after approxi-
mately 40 hr. Samples were lysed with NETN (170 mM NaCl, 1 mM EDTA,
20 mM Tris-HCl [pH 8.0], 0.5% NP-40, and protease inhibitors). Total protein
concentration was determined by Bradford assay, and 1 mg of total protein ly-
sate was incubated with anti-GFP antibodies and Protein A-sepharose for 5 hr
at 4C. Samples were washed three times with NETN, resuspended with SDS
sample buffer, separated by SDS-PAGE, and immunoblotted with anti-GFP
and anti-HA antibodies. Secondary antibodies were HRP conjugated (Jack-
son) and blots were developed via SuperSignal West Pico ECL (Pierce).
In Vitro Binding Reactions
Recombinant proteins were expressed in bacteria and purified as in Tran et al.
(2007). For Sup45 binding assays, lysates expressing GST-Sup45 or GST
alone were incubated with glutathione resin in Buffer B (20 mM HEPES [pH
7.5], 150 mM NaCl, and 20% glycerol) followed by addition of 0.5 mg purified
Gle1 and incubation for 2 hr at 23C. Bound proteins were washed and eluted
with SDS sample buffer, and 25%–33% of the total was immunoblotted. For
eIF3 binding assays, bacterial lysates expressing GST fusions of eIF3 subunits
were incubated with 1.5 mg purified Gle1 in 300 ml binding buffer at 4C for 2 hr.
Antibodies to Gle1 and Protein A beads were added, and samples were incu-
bated an additional 1.5 hr.When applicable, 100 mg/ml RNase A (QIAGEN) was
added during binding.
Termination Read-through Assays
Assays were performed essentially as described (Stahl et al., 1995). Yeast
strains transformed with pACTQ, pACTMV, or pAC1789 plasmids were grown
in liquid Leu media. Duplicate samples were diluted into YPD and incubated
overnight at 23C until the OD600 was 1.0. Cells were pelleted and resus-
pended in luciferase lysis buffer (25 mM Tris-Phosphate, 2 mM EGTA, 10%
glycerol, and 0.5% Triton X-100). After lysis, samples were centrifuged, andCell 134, 624–633, August 22, 2008 ª2008 Elsevier Inc. 631
supernatants were used for luciferase and b-galactosidase assays. For lucifer-
ase assays, samples were diluted in assay buffer (15 mM MgSO4, 15 mM
K2PO4, 4 mM EGTA, 1 mM DTT, and 1 mM ATP), and 1 mM luciferin was in-
jected before reading in a Lumimark Plus microplate reader (BioRad). Liquid
b-galactosidase assays were performed with o-nitrophenyl b-D-galacto-
pyranoside as the substrate according to Clontech protocols. Activity equals
1 mmol of ONPG hydrolyzed per minute per cell. Luciferase assay values
were first normalized to the OD600 of the cells and then divided by the b-galac-
tosidase activity of each sample. Duplicates were averaged before read-
through efficiency was determined. The resulting luc:b-gal ratio from TQ sam-
ples was set at 100% for each strain. Percent read-throughwas determined by
comparison of the luc:b-gal ratios from TMV and 1789 samples to the TQ ratio
for each strain. All quantitative data represent the mean value of three to six
independent experiments. Error bars represent standard error of means
(SEM) above and below the mean. Statistical significance and p values were
calculated by the student’s t test.
Polysome Profiles
Polysome analysis was performed essentially as described (Windgassen et al.,
2004). Strains were grown in YPD to approximately 0.5 OD600 and then incu-
bated on ice for 15 min in the presence of 100 mg/ml cycloheximide. After lysis,
supernatants (10 OD600 units) were loaded onto 11 ml sucrose gradients (7%
to 47%) in low salt buffer and centrifuged for 2 hr at 38,000 rpm in a TH-641
rotor. Fractions from the gradients were removed with continuous monitoring
of absorbance at 254 nm. If applicable, 1 ml fractions were collected and pre-
cipitated with 25% trichloroacetic acid (TCA) prior to resolution by SDS-PAGE
and immunoblotting. Band intensity was quantified by densitometry (National
Institutes of Health [NIH] ImageJ).
GCN4 Activation Assays
Adapted from the published protocol (Moehle and Hinnebusch, 1991), yeast
strains harboring the GCN4-lacZ expressing plasmids were grown to station-
ary phase in Ura media at 23C. Cultures were diluted into four samples
in UraHis media, with two samples each incubated at 23C and 30C for
2 hr. Ten millimolar 3-aminotriazole was added to one sample of each strain
at each temperature, and all samples were incubated at the respective
temperature overnight. Cells were centrifuged and resuspended in Z buffer
(60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, and 1 mM MgSO4). Liquid
b-galactosidase assays were carried out as above.
SUPPLEMENTAL DATA
Supplemental Data include two figures and two tables and can be found with
this article online at http://www.cell.com/cgi/content/full/134/4/624/DC1/.
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